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A = Adenine 
ACA = Adenylic Acid-Cytidylic acid-Adenylic Acid 
BGG = Bovine Ganmma-Globulin 
BSA ~ Bovine Serum Albumen 
5 BU = 5=Bromouracil 
C = Cytosine 
DNA - Desoxyribose Nucleic Acid 
5 FUdR - 5 Fluorouracil deoxyriboside 
G - Guanine 
KSA - Human Serum Albumen 
IP - Intraperitoneally 
6 MP - 6 Mercaptopurine 
mRNA - Messenger Ribonucleic Acid 
RGG - Rabbit Gamma-Globulin 
RNA + Ribonucleic Acid 
U = Uracil 


UUU = Uridylic acid-Uridylic acid-Uridylic acid 
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The prevailing biological models for memory, both psychic and 
immunological are reviewed and evaluated, and the possible relation- 
ships between these two fields are explored. The possible role of 
RNA is dealt with in detail and an argument for protein as a per- 
manent engram is put forth. 

It is noted that immunological tolerance in general and im- 
munological paralysis in particular may provide a useful tool for 
studying immunological memory, since with the induction of paralysis, 
memory of a prior sensitizing experience is abolished for a period of 
time. The prevailing theories of immunological tolerance are presented 
and evaluated in the light of existing experimental data and in the 
light of the data obtained by the author. 

It was found that He-cy tidine incorporation into the spleens of 
female CFW mice given paralyzing doses of Bovine Gamua-Globulin (BGG) 
after P32 irradiation did not differ Significantly from control 
animals until seven days after the paralyzing dose. In the period from 
the seventh to the ninth day, the rate of incorporation of H3-cy tidine 
into the spleens of these animals dropped steadily and markedly, reaching 
a nadir on the ninth day of almost one=-seventieth of control values. 

It is concluded, therefore, that immunological paralysis 
results in marked inhibition of RNA synthesis in the spleens of 
paralyzed mice after a latent period of approximately seven days. 

A theory of tolerance based on complexing of antigen with DNA is 
presented to explain this phenomenon and is evaluated in relation to 


Gata obtained by others on tolerance. 


1ii 


TOART AGA 


brs aidoyeq ddod ,ytomem toi eLsbom Leoigoloid 3 aes edt 


enoiteios eidtseog oft bas ,betsulsve das bewelvat one IeotgoLonumnt : 


to efor eidtesog sil .hetolqxe sis abiskt owd oesdd seemted eqine 
-t9q 5 26 aisdoiq tol Jmemugts as bas fistep mt ddiw Sia0b ak AU 
wdétot duq eat metgne +nonem 
emi ons Lertsneg af sontrelod feotgofonsnmé tect betom at gI 
[Toot (yteeu 8 ebivoiq yen ts looidtsg ak ateylereq LeotgeLoaum 
 staylsisq ‘to sofdoubet add iidiw some le fsotgoLorumnt ani ybute 
to boiveq £ tot beczifods ef sonskteqxe gaisidienes toitg 6 Io Yiorism 
pataseotg eis sonatelod {sotzolonvamt To aoivosid guilisverq edt omits 
eid nf bre sdsh LagiamLisgxe anise se i tigi oft mi osteutsve bas 
“toddus ad¢ yd bentatde stsb adt to tigtl 
to anselqe add odmt noidstodtoont snibisyo-“H sands anwo't enw $1 
(90a) aéiudoln—sinmsy encvod lo es20b gnieyletsg aewis goin WHO oLsmet 
fovtaos sett rineoilingie tetith gon bf noitsthertt Sq T98d'Ls 
so tt boitsq oid ml .8800 giisylareg edt ted is awib qave2 Leyes alanis 
eritoisyo<SR 5 noidstoguoont to stat odd .yveb ddnta odd of dimevee silt 
gitnossi ,vioextam ons yitbsers oaggots alsmins esadt to anvelqe edt odmt 
.zoulsv fontnoo Lo ivetineves-s00 seomls ‘to yah déaia edt no wiben & 
aieylaisg Isofsolonunmi sarc ~stotetedt ,behulones af eT 
to anselae sic ni areendaye AVIS to coktiditaat beadvem mf ed ueor 
.2ysp caves yladsmixotdqgs to bolteq iaetsl s tetts eolm besylstsq 
ei AUC doiw oegidas to gnixelqmoo se heesd sonetafot to ytood A 
ot aotéeles ak botsulevs af ons consmonedg aint atsigqxe o¢ betaseetg 


,sonetelead ao araito Xd heanistde stso 


tht 


I. INTRODUCTION = Biological Memory 


Although many secret codes of foreign intrigue have been formu- 
lated and decoded by man, he has not yet deciphered the most basic 
and most important code(s) of all - those by which his own body 
records itsexperiences. Memory in computers is a relatively simple 
matter; many thousands of circuits are either open or closed. Thus, 
each one provides a "bit" of information, and the amount of informa- 
tion which can be stored in an electromagnetic memory core is given 
in simplified form as (2ynumber of circuits 14... 

Man has approximately 1029 neurons in his brain, but we have 
not yet been able to formulate a relationship between this number 
and the estimated 10» bits of information which he accumulates in 
a lifetime.* 

If each neuron could exist in only two states (like a circuit), 
the number of bits of information which man should be able to retain 
at any one moment in time would be fay” which is much more than 
the 1015 bits which we usually acquire. Yet, in reality more than 
one neuron is needed for each piece of information, as shown by the 
relatively minor intellectual losses: sustained when rather large 
areas of non-specific cortex are ablated. 

There are at least three biological phenomena which require 
a system for storage and retrieval of information: the genetic 
phenomenon, the eats response, and psychic memory. Although 
many questions still remain unanswered, the role of nucleic acids 
in genetics and protein synthesis, including amino acid coding, 


while not yet fully elucidated is certainly known to be basic. 
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Questions such as degeneracy still want for solutions, but the fact 
that the triplet codon UUU signifies phenylalanine??? that ACA 
signifies aspartic acid,*s3 etc. is established. Nucleic acids 

are thus without a doubt a means by which genetic information is 
stored. These facts noted, we shall deal no more with genetics 

and shall concern ourselves with those bits of information ac- 
quired postnatally. Before leaving genetics, however, we should 
point out that coded genetic information can at times cross the 
boundary into the realm of psychic information, e.g. in the case 
of instinctual behavior which we may consider genetically programmed 
and also into the realm of immunological information, e.g. in the 

, case of natural antibodies which exist without any exposure to 
antigen viz. the anti-A and anti-B blood group antibodies and 
antibodies to certain Gram-negative organisms.”* 

The engram in immunologic and psychic memory is still 
undetermined. Many theories as to how such information is processed, 
stored, and retained have been formulated, and we shall now examine 
the most prominent of these. 

Before doing so, however, let us define the term "memory" 
in the simplest terms possible. For our purposes, memory will be 
merely the capacity to contain information and the mechanism by 
which this information is stored. In order for us to realize its 
existence, however, there must also be 1) means for processing the 
information prior to storing it, e.g. the conversion of events into 
electrical impulses and perhaps these latter into chemical codes in 


psychic memory. 2)Storage of the final result of the above process 
MC eas ey ee eG te et re (OS he te 


While this view has numerous adherents, 7° many investigators!83 do not believe 
that natural antibodies exist. 
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- 3} Some means of retrieval to provide access to the information. This, 
in the case of a code, would involve a deciphering mechanism, ) Some 
outward specific demonstration as a result of the deciphering, @oge 
antibody synthesis or a behavioral act» 

It has been suggested by many that the processes involved 
in peychic and immunological memory may be either similar or identical. 
It is, for example, stated in The Chemistry of Thinking , "It may be 
that there is something more than a superficial similarity between 
the reaction of lymphocytes to theosseantigen and the events which 
occur in a neuron following the disturbances in its milieu produced 
by volleys of impulses,"4 

Silverstein! has written an excellent review in which he com 
pares immunological and psychic memory. The similarities are striking. 
Inquiring whether the similarity of terms employed in these two fields 
represents merely an inappropriate choice of terminology, a basic 
inadequacy of the language, or perhaps truly an underlying fundamental 
relationship, he goes on to elucidate their similarities (Fig. l). 

In both systems, a basic conversion of the raw input must be 
made - to a nerve impulse in the case of a sensory phenomenon and 
to something else (perhaps degradation products) in immunology. 
Benacerraf and Maurer” have shown certain substances will be antigenic 
only if they contain leamide linkages for which digestive enzymes 
exist, whereas the d-amide linkage compowids are non=antigenic, the 
body being unable to degrade these molecules, Further evidence for this 
fact is: that strain 2 guinea pigs can produce antibodies to portions 


of insulin to which strain 13 cannot, and perhaps this is due to a 
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Figure 1. The functional components of the memory system, 


with psychologic and immunologic analogues. 


Adapted from Chase, R. A. Perspectives Biol. Med. 


by Silverstein, A. M., “Immunologic and Psychic Memory", 
Neurosciences Research Program Bull. 1, P.l (1963) 
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genetic absence of an appropriate catabolic enzyme »° Also, the time 
of onset of the ability of a fetus or newborn to react to different 
antigens varies from antigen to antigen, / and it has been postulated? 
that this might be due to the possibility that all immunological 
capabilities mature early but the enzyme systems required for 
degradation of all antigens might not appear simultaneously. 

That RNA plays a role in both the psychic and immunological 
ae systems can be seen by the specific detrimental effects on 
both of anti-nucleic acid drugs which will be discussed in detail 
later. For example, both have been claimed to depend on DNA-dependent 
RNA8» 9 and as will be discussed later, claims have been made for 
passive transfer of both types of memory with "educated" RNA. 

Lawrence © has, however, effected long term transfers of immunological 
memory in men with cell free extracts of leukocytes containing what 

he terms "transfer factor", a low molecular-weight substance of 
unknown composition, but known to be neither DNA nor RNA. 

RNA synthesis and protein synthesis increase in both neurons 
and lymphocytes as a result of their respective types of stimulation. 
Repetition improves both processes (anamnestic response in immunology, 
reinforcement in psychology) and the phenomenom of generalization of 
location with passage of time is common to both. Thus, for example, 
hippocampal and temporal cortex ablation will etry recently learned 
information, but after several days the engram somehow becomes 
generalized over the cortex. Similarly, shortly after immunization, 
excision of the lymph node draining the site of immunization will 


abolish the immune response while this does not occur after a few hours. 
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The mechanism of the latter, we believe, we understand, viz. the 
transport via the blood and lymph of cells and antigen; that of 
the former remains fertile ground for speculation. 

Both psychic and immunological memory have aspects which may 
be considered long and short term. If, for example, an animal is 
shocked after each trial, it fails to learn, but if one waits between 
one and four hours after each trial, then shocks the animal, it will 
learn normally. This is the period, presumably, during which the 
information is converted from electrical impulses to more stable 
form. The period for this information to become spread and gen- 
eralized in the cortex is, however, as will be seen later from the 
experiments of Flexner, considerably longer (3=6 days)» 

In immunology, the first response is that of a macroglobulin (19S) 
antibody. The production of this antibody lasts only so long as the 
antigen persists. If sufficient antigen has been given, approximately 
one week later, 7S antibodies begin to be formed. These are the anti- 
bodies associated with the anamnestic response. If just 195 anti- 
bodies are formed, antibody production with the second challenge is 
no different from the first. The relative amounts of 19S and 7S 
are a function of many things, especially the nature of the antigen, /2l-1h 

A further analogy between the two systems is that of stimulus 
generalization i.e. cross reactions occur with similar antigens, the 
maximal response occurring to the actual antigen, and similarly 
Pavlov showed that an animal conditioned to react to one wave-length 
of light will respond to others, the response decreasing on either side 
of the original wave-length. 
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The effects of X-ray, 8-azaguanine and other anti-metabolites 
on both responses are Similar and extremely important to this discussion 
and will, accordingly, be discussed in greater detail later in this 
paper. 

In summary, there are a great many Similarities between im- 
munological and psychic memory, enough to have made Hechter and 
Halkerston postulate an antigen-antibody mechanism for psychic 
memory , 2° and enough to make one wonder whether the same biological 
principle might underlie the functions of both. Nevertheless, with 
the present dearth of knowledge in these fields, any conclusions 
about a possible relationship between them would, as Silverstein 
concludes, be premature... 

We might note here that while Hechter and Halkerson would 
explain psychological memory in terms of immunology, much has been 
written in the Russian literature to try to explain immunology in 
terms of conditioned reflexes involving the nervous system, 16-19 
They have noted some changes, they claim, in antibody titer after 


20 


Stimulation of various regions of the brain*®~ and have studied the 


effects of neuroses“! 22 


and schizophrenia“®* on the immune response. 
Since much of this work has not yet been confirmed and is, in fact, 
not believed by many on our side of the iron curtain, we will not 
go any further with it except to point out that this is just one 
more attempt to link these two phenomena which require information 
storage. 


We will therefore progress directly to an examination of the 


major theories which have been proposed to explain information 
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storage and biological memory. 
II. Process vs Chemical Memory 

Memory may be stored for long periods in one of two general 
ways. The first is by something going on continuously, much as a 
moving flywheel conveys the information that it was started turning. 
Its position at any instant is unimportant with respect to conveying 
this fact. On the other hand, that same flywheel if moved from its 
usual location in three dimentional space (as opposed to spinning 
while standing in one place) would convey yet another type of informa= 
tion: that it had been moved. This is analogous to a structural 
code for memory, while the spinning flywheel is analogous to a process 
theory. 
III. Process Theories of Memory 

The process theory which has received the most attention is the 
neuron loop cheery viz. neuron A excites neuron B which then, in 
turn, excites neuron C, etc. until the last nevron in the series re- 
excites neuron A, and thus the series is able to continue indefinitely. 
This would require, of course, the loop to be long enough such that 
enough time would elapse before coming back to neuron A so that this 
neuron would have recovered from its refractory period. 

Another recent popular idea along similar lines is that of a 
gene which can exist in several states, but which in whatever state 
it finds itself, produces its own inducer such that the gene produces 
inducer which thereby allows it to produce more inducer and maintain 
its current state.*? 

These and other process theories of memory, however, are not 


widely held because physiological processes such as protein synthesis 
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and brain waves can be stopped by treatment with cold, shock, drugs, 
and hibernation without loss of long term psychic or immunological 
memory .952h Long term psychic memory is also not lost when the 
brain is sliced in many directions2> which would have cut many loops, 
thus again showing memory to be generalized, a phenomenon which 
could be accounted for by many loops, but is more likely cue to 
structural changes in many neurons, 


Morowitz2° 


has shown that information to specify a living 
system can survive cooling to within two degrees of absolute zero. 
When he cooled Artemia eggs to this temperature and left them for 
one week, they hatched normally, thus showing the information in 
this case is structural, not process. 
IV. Structural ‘theories of Memory 

Far more popular than the process theories are the structural 
and especially the chemical theories of memory. DNA, RNA, proteins, 
and lipids have each been postulated as engrams of memory . 2/32 

Of these compounds, the nucleic acids have aroused the most 

interest... Norbert Weiner has written: 

"It is becoming abundatly clear that the nucleic acid 
complexes not only play a fundamental role in genetic 
memory, but that they probably play an analogous role 
in nervous memory ... and we shall have to consider 
the interplay of what Professor Francis Schmitt of 
MIT calls "dry" neurophysiology, dealing with the 
established nervous network, and "wet" physiology, 
which is going to center more and more about the 
nucleic acids,"33 

The investigator whose work has had the most profound effects on 


this field is Holger Hydén of Goteborg, Sweden. Hydén and Feyhazi? 


foune that right-handed rats taught to become leftehanded had 
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increased nuclear RNA and base ratio changes (increased purine to 
pyrimidine ratio) in the fifth and sixth cortical layers on the 
right, the left side serving as a control. 

In a more telling experiment Hydén and EgyhazB4 taught rats to 
climb a wire set at 5° from the horizontal in order to get food. Not 
only was the nuclear RNA of the Deiter's (vestibular) cells increased 
from an average of 650 micrograms to 730 micrograms per cell, but the 
base ratios were Significantly altered. The adenine to uracil (A/U) 
ratio went from a control value of 1.06% .08 to 1.35 - 210. Hydeén, in 
‘recent publications? 29» 36 notes that such RNA increases and altera- 
tions in base ratios were observable in nuclei of both neuronal and 
glial cells, while in an earlier publication?! he noted a 5% increase 
in nevronal RNA ane a 30% decrease in glial RNA. 

Hydén believes the increased RNA which he has shown to be 
nuclear is chromosomal RNA. One problem, however, with the whole idea 
of RNA as a memory molecule is the existence of six types of cellular 
RNA, 20 namely chromosomal RNA, nucleoplasmic RNA, two types in the 
nucleolus (one of which is messenger RNA), soluble RNA (also called 
transfer RNA), and ribosomal RNA. 

We might note also that brain RNA increases from the age of 
three to the age of forty, stays constant from forty to sixty, and 
then falls. Certainly a person continues to increase his store of 
knowledge between the ages of forty and sixty anc he does not forget 
fast enough for this to free RNA for coding. We are thus faced with 
three possibilities on this point. First, either large amounts of 
RNA are non=functional and only acquire function by rearrangement of 


their base sequence. Second, perhaps RNA is only necessary transiently 
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for the learning process, and some other molecule (e.g. protein 

as suggested by Hyden) is the long term engram, and thirdly, that 
RNA is not involved at all. Our knowledge at this time does not 
permit us to come to any conclusion but we may note that protein 
and nucleic acid synthesis retes in the brain are among the highest 
in the body - even higher than in the pancreas .3/ 

i 7dén postulates that a given frequency pattern of impulses 
would affect glial RNA first, and that this would be followed by 
transfer of nucleotides from glia to neurons to cause release of 
repressed regions of chromosomal DNA leading to production of 
DNA-dependent RNA which would then serve as a template for specific 
proteins.” These proteins would remain as a permanent engram and 
dissociate to a substance which activates the transmitter substance 
when they are activated by the same pattern of frequencies which led 
to their synthesis. Hydén mentions that a frequency of 500 cycles 
per second is equivalent to 2 x 107) 5 (E=hv). This might be enough 
energy to dissociate a proton. 

Hydén thus assumes in this paper that all knowledge is in DNA, 
not RNA, but that proteins and not RNA serve as an active file for 
information. (The RNA changes disappeared in his experiments twenty 
hours after they were first noted. ”) In analogy to theories of 
antibody formation, this is a selective theory rather than an 
instructive one. 

Although Hyden's theory as described above from this publica- 
tion? seems to be of the 'belective" type, he formerly interpreted his 
datad4, 31 as being in favor of an"instructive" approach in which he 
pictured the sensory stimulus as inducing a new and stable sequence 
of nucleotides directly in RNA which then,in turn, determined the 


structure of specific proteins. 
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Morre113® criticized Hy dén''s earlier instructive theory on the 
grounds that it cannot explain how an electric current can induce a 
molecular rearrangement which would thereafter be immune to further 
electrical currents. He thus interprets the same type of data in 
favor of a selective approach in which all possible engrams are genetically 
determined in the DNA, The stimulus is postulated by Morrell to activate 
selectively a given DNA-RNA sequence (much as Hy dén has most recently 
postulated) and, realizing the speed of interaction which is required 

and that this is not ordinarily associated with reactions involving 
macromolecules, he has proposed that charge-transfer reactions (which 
are very rapid reactions) might play a role. 

In some earlier work, Morre113? produced an epileptic lesion on the 
cortex using an ethyl chloride spray. ‘Soon afterward, he found a "mirror" 
focus in the contralateral cortex which also showed paroxysmal epileptiform 
discharge and which was self-sustaining, but which disappeared when this 
cortex was undermined, It could, however, be elicited again by stimulating 
the surrounding normal cortex, e.g. with metrazol. This was interpreted 
by Morrell as showing that the "learned" behavior of the secondary lesion 
had been "rememberea" even after months of inactivity. He then showed 
that the nerve cells within the area of the mirror focus showed increased 
stainability with pyronin, which stains RNA, (using a methyl green=pyronin 
stain), and he therefore concluded that changes in RNA had occurred in 
these cells secondary to contimuous synaptic bombardment. 

While the increased staining is interesting, it has been claimed 
by Hy dén? that staining with methyl green=pyronin in cell sections is not 
specific for qualitative changes in RNA, Morrell, however, feels that this 
does represent increased RNA and has interpreted it as already described. 


Learning studies in planaria, small flat worms, have aroused great 
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interest among those concerned with the mechanism of memory. These animals 
can be trained in various ways (light-shock conditioning, mazes, etc.). It 
has been found that if "educated" worms are cut in half and ribonuclease 

is added to the media in which the neads and tails are regenerating, it 
blocks retention of conditioning in animals regenerated from tails but 

not in those regenerated from heads ,40 "Education" in these animals has 
been transferred by cannibalistic ingestion of educated planarians by 


yi 


That this transfer of "education" was due to RNA transfer 


2 


was shown by Zelman et al” who considerably decreased the total number of 


naive worms. 


trials necessary to educate naive planaria by injecting them with RNA 
from conditioned planaria, 

Recently, Egyhazi, Hydén, and Jonn43 showed that the base ratios 
of A+U/G+C in RNA from planarian head ganglia were much higher in animals 
conditioned with light and cathodal shock than in untreated controls 
and animals treated with light and anodal shock, but similar changes 
were seen with random light and cathodal shock, therefore implying that 
the changes in base ratios and in total RNA were not associated with the 
conditioning per se, but were due to the stimulation. 

We might point out here that while there is general agreement 
regarding the increased rate of RNA synthesis following neuronal stimu- 
lation, there remains great confusion regarding the role of base ratio 
changes in the brain. Hydén, for example, before the above experiment, 
claimed that the total amount of RNA may go up with randomly increased 
activity, but without a change in base ratios, the latter occurring only 
in specific learning. In support of this theory, he had found in earlier 
studies that increased neuronal stimulation, sensory or motor, increases 
the neuronal content of RNA, protein, and enzymes, without any change 
in base ratios.” On the other hand, Geigert demonstrated a change 
in RNA composition in cortical neurons after only thirty seconds of 
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stimulation which contradicts Hydén's hypothesis that these changes 
do not occur secondary to increased activity, as do Hyden's own recent 
findings with planaria. 

While great confusion exists regarding base ratio changes, 
there can be little question of the fact that RNA plays some role 
in both immunological and psychic memory. In addition to the work 
of Hydén and Morrell which we discussed, many other bits of evidence 
have strongly implied a role for RNA in memory. 

Yeast RNA on chronic administration to old men has been 
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claimed by Cameron et al to improve memory in cases of 


arteriosclerotic senility. Cook et a9 found enhanced response 
to a shock motivated response with greater resistance to extinction 
in rats given 160mg/kg./day of yeast RNA intraperitoneally. 

Dingman and Sporn? showed that 8—azaguanine (a purine analogue 
which causes formation of a non-functional RNA) injected intracisternally 
(132 micrograms) impairs rats' ability to learn a new maze without 
affecting their ability to traverse a previously learned maze, This 
Same purine analogue has been shown by Chambsbakiine 6 a5l to prolong 
the interval required for "fixation of experience" in a study employing 
rat spinal cord, These authors also found that tricyanoaminopropene 
(a compound which increases RNA synthesis in neurons and glia) 
improved performance of animals in avoidance conditioning. 

All of the evidence which we have listed so far for RNA 
involvement in memory has concerned psychological memory. Its role 
in immunological memory is certainly as prominent and, perhaps, 
somewhat better demonstrated, In fact, Fishman?2=5h has shown that 
RNA extracted from macrophages exposed in a micro diffusion chamber 


to antigen, when incubated with lymphocytes will lead to production 
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of antibody against the antigen, thus certainly showing that RNA is 
eapable (at least for a short time) of carrying information regarding 
antibody specificity. 

Similarly, Mannick and Eedahl?” found that "neutral" lymph node 
cells from nonegrafted rabbits were altered to a state of transplanta- 
tion immunity when incubated with RNA extracted from lymph nodes of 
rabbits receiving skin homografts. This was shown by a skin reaction 
on injection of these cells into the donor of the skin homografts. 
Similarly, Sterzi and Hrubes ova>© transferred antibody formation to 
non=-immune rabbits using spleen nucleoprotein from immunized rabbits. 
Further studies of this type have been carried out in Japan by Noro? 
and Konda et a8, These experiments, like those of Fishman, however, 
while implying a role for RNA in memory, are not conclusive since it 
is possible that all that is being transferred is the RNA which controls 
the synthesis of antibody protein, because as we recall, the mechanism 
of protein synthesis is believed to consist of the formation of 
messenger RNA (mRNA) on and complimentary to DNA, attachment of amino 
acids to acceptor RNA (also called transfer or soluble RNA) which in 
turn attaches in the proper places to the specific codon of the mRNA 
which is now attached to ribosomal RNA. 

We may further look with interest at the contrast between the 
experiments of Fishman and those of Mannick and Egdahl and of Sterzl 
and Hrubesova. Fishman used macrophage RNA, Mannick and Egdahl 
used RNA from lymph node homogenates, presumably therefore from 
both lymphocytes and macrophages, and Xterzl and Hrubesova’ used 
RNA from spleen, again presumably from both macrophages and 


lymphocytes. The experiments of Fishman re-raise the question of 
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the necessity of partial digestion of antigen~, and one can only 
wonder whether the RNA transferred to the lymphocytes from the 
macrophages is mRNA for synthesis of antibody protein by the latter, 
or perhaps, it is the engram from which the lymphocyte gains its 
"knowledge" of the antigen and then makes its antibody - either 
retaining this engram or making a new one from it. 

Much as RNA transferred from cells making antibody can induce 
antibody synthesis in non-immune cells, RNA from penicillinase 
producing strains of B. cereus has been shown capable of inducing 
penicillinase production in non-penicillinase producing strains .°9 
The same objections regarding protein synthesis are, however, 
applicable here. 

As noted earlier, Dingman and Sporn”? showed that 8-azaguanine 
ean inhibit learning of a new maze in mice. Similarly, this and other 
anti-nucleic acid drugs inhibit the immune roepenses and to 
complete the analogy, the eeinaiy response is much more significatly 
affected than is the secondary Since presumably it is during the 
primary that the knowledge of exposure to antigen is coded. 

Doses of 3 mg./kg./day and 6 mg./kg./day of 6 mercaptopurine®3=¢5 

which significantly inhibit the primary response in rabbits had 

almost no effect on the secondary response. 1t has been shown, 

however, that these drugs can sometimes inhibit the anamnestic 

response also, e. g. if rabbit spleen cells are removed after 

secondary stimulation, they will incormporate pt lemeaG acids into 
synthesized antibody, a process which is inhibited by 5-bromouracil (5BU) 
and 5-fluorovracil deoxyriboside (S-FuaR) © La Plante et ao and 
Condie et ae have shown that €MP in larger doses can completely block 


the secondary response to BSA. 
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In analyzing these and other experiments with similar data, 
Hitchings. and Elion®2 postulate that the difference between the effect 
of 6 MP on the primary response and that on the secondary is quantita- 
tive rather than qualitative. We would like to speculate further, 
however, that the reason for this difference may be that in one case 
(the lower dosage-ivé. in the primary response) coding of information 
regarding antibody and antigen configuration is being impaired, while 
in the case of the higher dosage, (necessary to block the secondary 
response) RNA synthesis necessary for antibody protein synthesis is 
being disturbed non-specifically. Schwart, and Dameshek®©? have also 
shown, as have others, that 6 MP administered with antigen will tend 
to induce tolerance to that antigen, a topic to which we shall 
return later. 

Species differences in the effects of 6 mp/O | 8-azaguanine , ©0 
and other anti-metabolites on antibody formation have been reported, 
anc while it is usually used for the reverse /+occasionally 6 MP can 
accelferate a graft vs host reaction{2 The whole subject of chemical 
suppression of the immune response has been extensively reviewed by 
Hitchings and E1ion©? 

Radiation, like anti-metabolites, if properly timed73 can 
inhibit the immune response, having most of its effect on the primary 
response and very much less on the secondary. 7475 Radiation and 
anti-nucleic acid compounds work synergistically to inhibit immune 
responses as shown by the fact that while 900R in dogs was insufficient 
to permit successful bone marrow homografts, small doses of 6 MP prior 


to irradiation wre followed by successful marrow transplantation. 76 
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Also, as is well known, unresponsiveness in adult animals can be 
induced by antigen administration with either radiation or anti- 
nucleic acid compounds, thus further implying but by no means prov- 
ing the similar mechanism of action of these two approaches. 

The purpose of all of the foregoing was to give some impression 
of the weighty but certainly not conclusive evidence marshalled 
behind the nucleic acids as the engramatic molecules of memory, both 
psychic and immunological. 

We have, up to this point, discussed only RNA as a possible 
engram but DNA, like RNA, is coded from four different basic units, 
adenine, thymine (instead of uracil), guanine, and cytosine. Thus 
DNA, as has been pointed out with reference to genetics, is capable 
of coding information. t is possible that the changes which occur 
in neurological and immune memory take place in DNA, and that the 
observed changes in RNA are only secondary to primary changes in 
DNA, the RNA being synthesized on the DNA and complimentary to it in 
the usual manner, While this is, of course, poueible.” the basic 
beliefs regarding the greater mutability of RNA and the greater 
stability of DNA would mitigate against a change in the base composi- 
tion of cellular DNA. It has been suggested, °° however, that the DNA 
in the nervous system may be more mutable than DNA elsewhere, and 
we would like to point out that it seems to us that this would be 
reasonable since the DNA in the mature nervous system does not have 
to fulfill the function of DNA in the rest of the cells of the body - 
that of carrying information for replicating the cell. 

Some evidence exists, in fact, that DNA may be more important 


than RNA in the immune response. Simié et ail? found that when the 
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immune response is blocked with 5=bromouracil, this effect can be 
counteracted by thymine but not by uracil. Similarly, Dutton 
found that antibody formation inhibited by 5-FUdR was enhanced by 
thymine and not uracil. This is especially interesting since 
thymine is made from uracil by methylation, and the results are 
therefore unexplainable at present. 

While all of the above presumes a change in the DNA i.e. an 
instructional theory, we must keep in mind the possibility of a 
selective theory, in which, for example, the information could be 
stored in DNA and only "released" by other compounds or removal of 
other compounds e.g. histones from histone-DNA complexes, thus not 
requiring a change in DNA base composition. Also, Burnet's clonal 
selection theory which will be discussed later and whereby informa- 
tion of exposure is postulated to be stored by the multiplication of 
appropriate cells, may be looked at as a "magnification" of knowledge 
already in the DNA of the cell, again not requiring any change in 
this DNA's composition. We might note here, too, that many of the 
data cited in support of the role of RNA e.g. effects of radiation 
and purine and pyrimidine analogues apply as well to DNA. 

Hydén's theory, as we recall, also implies a role for proteins 
in addition to that postulated for nucleic acids. Further support 
for the role of proteins in memory comes from the work of Flexner et a178 
who injected puromycin (which inhibits protein synthesis) bilaterally 
into the hippocampi and temporal cortices of mice and found that this 
caused loss of short term intellectual memory. After 3 to 6 days, the 
engram spread such that it was necessary to inject most of the rest of 


the cortex to cause loss of memory. Reversal learning was lost while 
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original learning (which had become longer term memory) was retained 
after bilateral injection into the hippocampi and temporal regions. 
Since puromycin inhibits protein synthesis, as noted, these experiments 
imply a role for protein in learning but, as is evident: from the 
comparative paucity of discussion, relatively less work has been done 
with respect to the investigation of proteins as molecules which code 
information as compared with the nucleic acids. 

We should like to point out at this time, however, that if we 
consider a protein code, one thing becomes immediately apparent: the 
extreme increase in efficienty of proteins as information stores over 
nucleic acids. If we assume the number of "common" amino acids to be 21, 
then a 3 unit code or "3 letter word" would contain 213 bits as opposed 
to a "3 letter word" of the nucleic acid code which contains };3 or 
6 bits. This huge increase in efficiency would require much less 
protein synthesis to code a given amount of information than the 
amount of nucleic acid synthesis required to code the same information. 

We might compare this cecrease in necessary space to code a 
given number of bits of information to the efficiency of our own 
decimal system as opposed to the binary system. In the binary system, 
the number 21 (in the decimal system)would be written 10101, while it 
takes only two digits in a system based on ten. As we recall, the 
units digit is the number of single units; the digit to the left of 
that is to be multiplied by the base to the first power - ten in the 
decimal system, two in the binary system, and the number to the left 
of that is to be multiplied by the base squared, etc. Thus, 21 equals 
lx lL * 2 x 10 * Ox 102, etc. In the binary system, as written above, 


we have l x1+0x2+1x2%+0x23+1x ok = 21 (in decimal system) 
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In sum, then, proteins would provide a more concise code than would 
nucleic acids. 

With regard to the question of lipids, almost no experiments 
were carried out to investigate the question of whether these 
molecules serve as memory molecules. 

To summarize, we must recall that no molecule, protein, nucleic 
acid, or lipid has been shown to satisfy criteria which would prove 
it to be the engram beyond a reasonable doubt. The following criteria 
have been suggested by Dingman and Sporn@?; 

1) It must undergo a change of state in response to the 

experience to be remembered. 

2) The altered state must persist as long as the memory 

can be demonstrated. 
3) Specific destruction of the altered state must result 
in permanent loss of the memory. 
They point out that the observed changes in HKNA may be transient 
(as did Hydén), and therefore RNA would not be the permanent engram. 
In any case, further research is needed, 

Other theories of memory, both psychic and immunological have 
been postulated e.g. that of Hechter and Halkers tent? which proposes 
a system whereby the cell body produces antibody-like protein which 
at junctional surfaces fee nada specific amine-histone complexes 
produced by other neurons and corresponding to the informational 
code. This antigen-antibody reaction at the cell surface facilitates 
neuronal firing. Learning, it was suggested, exists when the specific 
antibodies in key neurons exceed a certain level. These levels, it 
is postulated, decrease with time unless reinforcing stimuli are 


repeated. According to Hechter and Halkerston altered RNA is the 


engram, for it directs the synthesis of the antibody protein. 
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We wonder, however, why, if the RNA remains constant, as they claim, 
would the antibody level drop with time. 

Hechter and Halkerston propose methylation of bases resulting 
in a change in base pairing as the mechanism of alteration of the 
RNA. Theyhave, however, performed no experiments to confirm this. 

While it has been taken for granted for quite some time that 
antibody production although initiated in the presence of antigen, 

"is carried on long after al] antigen has disappeared," 79,80 some 
recent work by Seis implies that perhaps micro-quantities of 
retained antigen serve as the means by which memory of a former 
antigenic experience is established and maintained. He founc small 
quantities of tritiated antigen passed from macrophage to macrophage, 
and many of these antigen-laden macrophages came to the site of 
injection after a second injection of antigen. 

This theory receives support from the work of Garvey&2 which 
showed that S3° BSA remained in the liver for long periods, .02% of 
the injected amount remaining 1)0 days after injection. This was, 
they calculated, 1014 molecules. They noted that the BSA appeared - 
bound to a salt=soluble ribonucleic acid fraction, and found, as did 
Vredevoe and Neison83 that this retained material was more antigenic 
than the pure material. Rittenberg and Nels on84 proposed that digestion 
of antigen within macrophages was a necessary step leading to informa- 
tion which was "likely to be contained in a nucleoprotein" and which 
was capable of directing antibody synthesis. This would be consistent 
with the work of Benacerraf et al? and of Fishman>2754 which we dis- 
cussed earlier. The question of the role, if any, played by retained 
antigen still remains an enigma, not only with respect to the anamnestic 


response but also with respect to immunological tolerance in which 
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connection it will be dealt with later in this paper. 

The oldest structural theory of psychic memory is that of 
cajai8° and others 86 who postulated that learning involved changes in 
synaptic relations between neurons and the establishment of new 
connections by means of axonal and dendritic growth. This wovld be 
consistent with a necessity for increased synthesis of both RNA and 
protein, and has, accordingly, been espoused recently by several 
peopie 86 with only relatively minor modifications. 

Having discussed the major theories of information storage, 
both psychic and immunological, we will henceforward limit discussion 
to the question of how immunologic memory is stored with particular 
emphasis on the mechanism of immunological tolerance, paralysis, 
or unresponsiveness. 

In order to discuss this properly, however, we must first 
consider the theories put forward to explain the synthesis of 
antibody o 
V. Theories of Antibody Synthesis 

Volumes have been filled with papers on theories of antibody 
synthesis, As there is a very recent excellent review of these9? 
we will concern ourselves here with just a skeletal outline of the 
prevailing theories and a short discussion of how they relate to 
immune paralysis and immunological unresponsiveness in general. 

The theories may first of all be divided into "instructive" 
and "selective" categories, the former implying that the antigen 
directs the synthesis of antibody de novo, the latter implying thst 
the antigen merely selects its antibodies from among the many 
proteins, the information for whose synthesis the body already has 


in its DNA.» 


| steqsq sidd at todal idiw dleeb ed Lliw t£ noltoonnos 
to dat af yromem oifloyeq to yrosdd LIsawtoumte daedLo onl ape 
ai eegnedo bevlovnai yatarsel jadd botsludeog odw Baraiito aus 8 retad 
wen to tnemietldstas adit bras Eretep att yer ngewred anolisle1 sftqsmye 
ad biwow eiaT .ddworg oftitbasb bas Lagexs to ensem wd enoitoeanso 
bas AWL dted to alasddaya beesetomt vol gtieedoen s ddiw taetefenoo 
Ievevee yd ylinssst beaveqae ased Ugatbtosos , Bae bes eiistog 
-enoitdsotiibom tosmim Ulovidater Yoo atiw 88 « taoen 

,ogetod2 noitsmtotat to eeftoons nofam odt Boaevoetb giitvail 
notesvoeio dfacl buswroisonend iiiw ow ,feokgeleanmmt bas oLhoyaq dtod 
aelvettisg ddéiw betode ab yiomem olgolonummst worl To opireonp edt od 
akeyleteq oustelot LeoigeLorsmmi To meinsdosm ead so aieedqme 
aazenevisnogessim ‘to 

ferit seu ow “revered eitegotq aind aevoatbh of tebit0 al 
to ataedtaye odd atsiqxe ed brawrot duq eoitoerdd only TOHLANod 
| eocitas 

ybodisns ‘to eebtosdd so ateqeq doitw bollki ased evel semuLoY 
V8 esos Yo wetver davllwoxe dase, tev & al exvolt #4 ,eisaisaye 
ads Yo ontidtwo Istefede s tent, détw oted eevlestue MIVO9NCD ffiw aw 
of¢ gtafsei yout wod to roteavosth diode s bas sekvoeds guiftevetq 
,iatoaag at zeenevienoges tay feotsoLonummt bas abeyletsq ernie 

Nevisouiwvent"” odat bobivtbh od ifs to sarkt yam eekrosdt edt 
nogtina od dadd gniylqmt temitot odd eettogetso “evitoelee" bas 
gait anivlomt isdtel odd ,ovom 9b yYboditas to atasdiaye odd stoettd 
yaam adt gnomes mort asibedivus ads avooles yleoten negtiae arlt 
sed ybserls ybod oft ataeddaye s8onw not soitawiotat edd ,entetotg 
eA ati at 


The methods proposed by which either instruction or selection is 
carried out are varied. hus, for example, instructive theories can 
be further subdivided by what is instructed. Is the antibody directly 
synthesized on the antigen (thus direct template synthesis )08-91 or 
does the antigen instruct another molecule92 protein, 93974 DNA, 9° 
RNA, or other, which either directly or indirectly controls synthesis 
of antibody (indirect template hypothesis). 

Various methods for selection have been proposed. Jerne?® 
proposed that "natural antibodies" of many types exist, and then the 
antigen selects its antibodies, the complex then being phagocytized, 
the antibodies split off and then replicated. The main objection to 
such a theory87 is, however, that it would have protein control its 
own synthesis which is contrary to our present theory of protein 
synthesis. 

Another type of selective theory is analogous to the regulator- 
operon theory of Jacob and Monod?! In one theory of this type, 98 
the antigen is postulated to combine with repressor, thus allowing 
RNA synthesis on the operon. This mRNA codes the composition of the 
antibody. We thus have a cell capable of producing antibody to the 
specific antigen. The cell would then replicate according to Burnet's 
clonal selection theory,99-102 which will be discussed shortly. 

While the regulator-operon theory is here used as 2 possible explana= 
tion for antibody synthesis, othersl03 have claimed that it and 
enzyme induction may be more analogous to immune tolerance than to 
antibody formation. . 
The most famous selection theory of all and the one which has 
had the greatest impact on immunology is that espoused by Burnet and 


Lederberg .997102 ,10h it assumes that each cell produces only one 
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type of antibody, and therefore selection of a Single cell for pro- 
liferation results in increased synthesis of a specific type of 
antibody. The importance of cellular proliferation for antibody 
synthesis has been decmecteai and the fact that single cells 
do indeed produce only one antibody has been supported by the work 

of Nossal and Lederberg , 208-111 Coons, 142 and White.113 There is, 
however, some evidence on the other side of the fence. Attardi, 

Cohn, Horibata and Lennox!14 found that 2% of single cells did produce 
two types of antibody against unrelated phage, and Cohn and Lennox115 
further showed using unrelated phage types, that rather than having 
mutual exclusion between the synthesis of one antibody and another, 
"If any ee cell makes antibody to Ty, it apparently has a greater 
probability of also making antibody to Ty." Also, Trentin and Fahlbergl16 
showed that if a single spleen cell is allowed to propagate and 
repopulate a lethally irradiated animal, that animal will be able to 
react to as many as four antigens, 

Such data provides strong arguments against the clonal selection 
theory. Lederbergl0h postulates, however, that new stem cells are 
constantly arising with new potentialities. While this might explain 
the eventual reactivity to four antigens in the repopulated animal, 
and while it may well be true, it has also been used by LederberglOh,117 
to explain the necessity for persistent antigen in maintaining immune 
tolerance, a purpose for which, as will be seen later, it is not 
sufficient. (In fact, the necessity for persistent antigen has not 
been proved.) 

The above point excluded, though,. one of the major considerations 


in favor of the clonal selection theory is the simple explanation it 
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provides for tolerance. In the words of Fischer, "While the selective 
theories may meet the problem of immunological tolerance with less 
than a fully satisfactory explanation, the instructive theories were 
generally formulated before the question gained prominence and they 


failed to confront it at al1."97 


VI. Immunological Tolerance 

With this introduction to tolerance, we will now examine this 
phenomenon in more detail. The beginnings of the current concepts of 
tolerance date back not quite two decades when, in 195, Owen! 18 
described chimerism in twin cattle. These twins both carried two 
types of red blood corpuscles, accepted skin grafts from each other 


and rejected grafts from other animals normally ,219»120 


These obser= 
vations led Burnet and Fenner”” to postulate that the recognition of 
"self" and "noteself" is determined early in life and therefore not 
genetically determined. This concept was proved correct by Billingham, 
Brent and Medawar!*1s122 when they injected fetal strain A mice with 
lymphoid cells of CBA mice. These cells were accepted, and thereafter 
the mice accepted all grafts from the donors of the cells. This 
experiment and variations of it were repeated many times by many 
investigators. All discovered the same thing: The organism's first 
non-genetically acquired information is what is "self" and what is 
"not-self." Our question is how this information is stored, but before 
making this inquiry, let us ask how the organism manifests this knowledge. 
The normal organism makes antibodies, gamma-globulin protein 


molecules, to combine with most foreign materials of large molecular 


size, especially proteins. Yet, except in rare instances, it does 
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not make antibodies to its own proteins. Nevertheless, there are 
several conditions in which the organism will not make antibodies even 
to foreign proteins. We call this a state of immunological unresponsive- 
ness. Several excellent reviews have been written on this subject. 103, 123-125 
Medawarl03 divided unresponsiveness into five categories: 
1) Tolerance after exposure very early in life (reviewed by 
Brent and Medawary-7© 
2) Non-reactivity after exposure to high doses of radiation. 
(as described by Dixon and Maurer127) 


3) Sulzberger-Chase phenomenon?#8-132 


in which ability to 
form antibody to certain chemicals is abolished by oral or systemic 
administration of the antigen before giving the immunizing cose. 

4) Immunological paralysis - First described by Felton33 
in 1949, this is a specific unresponsiveness which he produced 


using large doses of pneumococcal polysaccharides. In this category 


we would also like to include the tolerance induced to foreign 


red blood corpuscles after a huge fesioculuny ee and to large grafts 1397137 
With respect to the latter, we might note here that each antigenic 
group of the antigen must be "tolerated." Hence, in split tolerance, 
one antigenic determinant of a molecule may be tolerated while 
antibody may be formed to another. Therefore, it is easier to 
induce tolerance to a protein or graft which differs little in 
histocompatibility genes from the host. 238 
5) Protein overloading paralysis - This is a specific un- 
responsiveness induced in adult animals by administering a very 


high dose of soluble protein antigen. 1°! 2133139 It is important 


that these proteins be soluble and without adjuvant since often the 
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same protein if precipitated with adjuvant will prove antigenic. 140 
As noted by Chutna and Hraballil HSA precipitated with antibody in 
Goses which would produce tolerance is not capable of inducing 
tolerance but instead produces an immune response, and Smitht2 
showed that BSA-antibody precipitate is not capable of producing 
tolerance, but if tolerance already exists, it can prolong it. 

As both (lk) and (5) are specific for the compound in excess 
(this has been questioned, 143 and will be dealt with later), most 
authors consider them as one phenomenon, as we shall do here. 

Since the time of Medawar's review, a new class of unresponsive- 
ness has been added which we would group with (2), viz. unresponsive- 
ness after administration of antigen with gable eaboiaiss, especially 
éup, 2, 69,145,146 For example, Mc Laren?45 has shown that animals 
given spleen cells while being treated with 6MP would subsequently 
show permanent tolerance to skin grafts from the donors of the 
spleen cells. In fact, as already noted, 76 anti-metabolites have 
been shown to be synergistic with radiation. Nevertheless, some 
investigators have not had such good luck in inducing tolerance by 
these methods oo" but it has been suggested by some that their 
dosage may have been too low. Most others feel, however , © that 
€MP administered with antigen in adults is not as potent an inducer 
of tolerance as is perinatal injections of antigen, although it 
has been claimed that the depletion of cells by radiation and 
anti~metabolites might return the animal to a fetal-like state with 
subsequent great proliferation of antibody-synthesizing cells. 

While there are some differences between the various types of 


unresponsiveness (as described by Medawar103 ana Smith?@3) many 


believe that immunological tolerance induced by the various methods 
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are merely different manifestations of the same phenomenon, 
and Hitchings and Ellion®* state, "Thus immunological tolerance 
merges into immunological paralysis." DresserthO Similarly feels 
that his results, "suggest that there is no difference between 
states of immunological unresponsiveness induced in neonatal and 
three month old adult mice." He states that others! difficulties 
lie in failure to centrifuge their protein, since in adults, small 
amounts of particulate matter may serve as adjuvant. Simonsen?#8 
believes that tolerance acquired neonatally and paralysis are 
identical except for the larger amount of antigen required for 
immunological paralysis. 

It was originally felt that immunological paralysis was 
different from tolerance, because the lack of antibody in 
paralyzed animals was thought to be due to removal of antibody 
by the excess antigen.152,153 This was shown not to be so 
by the failure of paralyzed cells to produce antibody when trans- 
planted to irradiated hos tsi 54-156 Also, Secarz and Coons? 
failed to demonstrate antibody in the cells of paralyzed animals 
by using fluorescent anti-gamma-globulin. Lastly, Dixon and 


Maurert@! 


showed that the last stages of antibody removal in 
paralyzed animals are by non-immune mechanisms. Thus, it has been 
shown that immunological paralysis, like immunological tolerance, 
is a central failure of antibody production. 

For purposes of discussion, therefore, we shall consider 


tolerance which is produced by radio-mimetic drugs, radiation, 


excess antigen in untreated animals, etc., as various aspects 
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of a single phenomenon. Whether the phenomenon which accompanies 


protein overloading should be referred to as immunological tol- 
erance, immunological paralysis, or immunological unresponsivensss 


140 who presents an 


is a matter of preference, as noted by Dresser 
entire discussion on the terminology of the unresponsive state and 
chooses the word "paralysis" for unresponsiveness in the presence 
of excess antigen. We have used and will continue to use this term 
for protein overloading unresponsiveness, but will also use 
the term "tolerance" for this phenomenon. The term "tolerance" 
will also be used as the general term for the phenomenon of 
unresponsiveness to antigenic stimuli. 

Since we are concerned with the informational aspect of 
tolerance, we will note that it is considered as specific as the 
immune response. Thus, an animal somehow codes the information 
that it is not to make antibody to a specific molecule, while 
retaining its capacity to synthesize antibody to other, unrelated 
antigens .127»69,151 Schwartz and Dameshek©? showed, for example, 
that animals tolerant to BGG would react to HSA administered 
simultaneously, and Secarz and Coons? demonstrated that dnmnetoeseet 
tolerance to BSA did not interfere with antibody formation to diphtheria 


toxoid. Dixon and Maurer@? 


claim that it was specific with respect 
to cross-reacting antigens, in contrast to Smitht42 who points out 
that, as in antibody formation, there is some partial tolerance 
between cross-reacting antigens. In diametric opposition to this, 


Liacopolos, Halpern and Perrament143 point out that guinea pigs 


given sensitizing amounts of rabbit gamma-globulin (RGG) or 
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ovalbumen during the stage when paralysis is being maintained by 
bovine serum albumine (BSA) are not tolerant to the RGG if tested 
before the tenth day of unresponsiveness, but after the fifteenth 
day (if BSA injections are continued) the unresponsiveness "spreads" 
to include the RGG and other compounds. This non-specific unresponsive- 
ness, they claim, ceases about eight days after cessation of BSA 
injections while tolerance to BSA continues. This would imply that 
immunological paralysis is a specific phenomenon "early" and "late" 
in its course. 

After a great deal of time has elapsed even the specific 
tolerance lapses. The reaction of the animal to a challenge with 
antigen after tolerance has lapsed is a source of much disagreement. 


We mentioned the work of Dixon and Maurer!2? 


earlier, from which it 
appears that when a paralytic dose of antigen is slowly eliminated 
down to an amount which would be antigenic, the animal does not 
become immunized (since. the last bit of antigen is eliminated 
logarithmically). We therefore expect a primary response to a 
subsequent injection of antigen as was found by Smith and Bridges)? 
whose BSA-tolerant rabbits after lapsing of the tolerant state 
reacted to a BSA challenge with a primary response rather than a 
secondary. | 
Characteristic of the confusion and contradictions that 


158 


reign in this field is the data of Siskind which show that 
animals who have lost tolerance react with a secondary (anamnestic) 
response on re-challenge, and not with a primary. It is thus not 


possible at this time to come to any conclusions regardine the 


aninal's future immunological reaction to an antigen to which it 
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has been made tolerant after that tolerance has lapsed. The fact 
that tolerance does lapse, however, is interesting. One of the 
explanations put forward for this is a requirement for persistence 
of antigen to maintain tolerance. 

Much more attention has been paid to the role of persistent 
antigen as a means of coding the information required for immunological 
tolerance, and especially for immunological paralysis, than has 
been paid to the role of retained antigen in the immune response. 

It is not yet, however, known whether the persistence of antigen 
is, indeed, necessary for retention of specific immunological un-~ 
responsiveness. On the other hand, it is known that the amount of 
antigen necessary. to induce tolerance in an animal is a function of 
the antigen itse1g!?2>124 of the formli0 and route!?8,132 py which 
it is given, and of the animal which is used. There is a strong 
correlation between the length of time for which paralysis persists 
and the dose of antigen used to induce it, 134,157,159,160 Similar 
host differences exist with respect to unresponsiveness which is 
produced by employing radio-mimetic drugs in rabbits vs guinea 
pigs,70 and in mice vs rats 

There is much evidence for the view that antigen is necessary 
for the maintainance of the tolerant state, 1232127 ,13h,157 It 
has, for example, been shown by Dresser and Mitchison?34 that tolerance 
in chickens to foreign red blood corpuscles required these for its 
persistence, Using a crot tracer, they found that twenty-five days 
after elimination of the last detectible amount of antigen, the 
animals would react with an immune response if challenged with 


antigen. Smith?23 concludes that their data "demonstrate concisely 
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the requirement for antigen to sustain the tolerant state," 
While many hold the above view, just as many hold the opposite 


51,15 
viego ne 


Dixon, in the discussion of the work of Dresser 
and Mitchison}34 pointed out that if an animal is made unresponsive 
by a large amount of soluble protein and then passively given antibody 
to eliminate all circulating antigen, tolerance still remains. This, 
admittedly, does not rule out the possibility of microscopic amounts 
of antigen persisting at critical sites, but it certainly does 
rule out the necessity for the large amounts of antigen which were 
required by Dresser's system. Deitrich and Weigle!” also conclude 
that since tolerance remained after transfer of paralyzed cells to 
lethally irradiated recipients, persistence of antigen is probably 
not necessary for maintaining the tolerant state, Let us recall 
once more, however, that the amount of antigen necessary for induction 
of paralysis will vary widely depending on the animal and the antigen, 
and perhaps microquantities intracellularly will suffice for some 
antigens. 

In summary, we can only agree with HaSek et allel in noting 
that the requirement for antigen in maintaining the tolerant state 
is still undecided, but as they point out, the question is an important 
one Since the necessity of persistent antigen for maintenance of 
tolerance would strongly favor a theory of blockage of some function 
rather than elimination of cells or cellular structures as Burnet 
and others have postulated. 

If one were to hold a subcellular selective theory of antibody 


formation, eogs that an antigen induces antibody formation by 
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dissociating histone»DNA complexes, thus allowing RNA to be formed 
on that DNA and antibody protein to be formed on the RNA, then a 
consistent theory of tolerance would be, we believe, that in 
tolerance these histone=-DNA complexes are somehow maintained and 
strenthened, perhaps with a large amount of antigen forming a 
more stable ternary complex of his tone=DNA#antigens 

Such a theory would, of course, require continued presence 
of antigen, especially in the nucleus. The finding of twice as 
much §35 labelled antigen in the nucleus of tolerant animals 23 
as compared with controls, and the selective concentration of 
antigen in liver nuclei in tolerant rabbitst&2 are consistent with 
our theory as is the data of Smitht2 regarding the increased 
permeability to antigen (BSA) in newborn rabbits. This would 
provide a possible explanation why with mature animals larger doses 
of antigen are required to produce tolerance, since a larger concen- 
tration gradient is required to overcome the permeability barrier 
in order to achieve the proper concentration at the place where the 
proposed complexes are formed, 

Since this theory ae the antigen combining with DNA, 
it would predict an inhibition of RNA synthesis since a portion 
of the DNA is "tied up" and RNA could not, therefore be synthesized 
upon it. A theory of antigen complexing with RNA would not necessitate 
decreased RNA synthesis, although it would impair antibody (protein) 
synthesis. 

Smith? has proposed a theory of this type whereby antigen 


is postulated to combine with mRNA, He claims that this combination 


« 33 » 


bemio't ed o¢ AH gniwolts ent ,cexelqnoo Aldwenodated Pitteiooeeld 
s fort , AMM oft no bemrot ed ot sietetq yboditas bas AUT secs pe 
nt geld yavetled ew .od bivew sonstefes 10 yrosdé tietetenos 
bas benkstaism volemoa sts asxelomos AMHenod ain waded sonstelot 
5 yaimrot asyitae To tapems egusl s dtiw eqsiieq ,beaaitaete 
oats ns<ANdwonode td ‘to sestnne vientes sidave ston 

eonexetg heuntinos etivpst ,saioo to ~bivow yioedd « dose 
2s goiwt to yatbeil eff .evefounm odd at yiistseqes ,aegitas To 
(Si temins tastelod to aveLoun edd ai nSgitns belLedel ee doom 
to nobtsitasonon evitosiee sit dns elotdnes dite bevegmeo 2s. 
ditiw dredeLanoo sts DLoasiddss tustelos mt fefoun tevil ai megkdite 
Heaswiont ofd sarbveges Silo tne “to sieb ed¢ ales vtooids 0 
ofvow afd? .adiddst srodwem ak (ACE) negtdas ot YWilidsemteq 
sozo0 segisl alsmiae exten déiw yiw nottensiqee sftiiesed s ebivotg 
“HOSMO9 ‘eiospa s& sonia ,soasielod soubortg oe benttipes ts aayitae to 
ysitiaed wilkdsomisq oct AMCOTEVO of betiupet ei tusébety acirat 
“it eredw sostg oft ds noftsitnsonos tegetq sit eveliss ot tebts mk 
: ahesrtokt o1s gexelqmoo ‘besequotg - 

,AUU iitiw ynintdmos megtine odd si yYtoons atdd aonke 
nottroa s soca akeeddnye MW to codtidiiat as toibersq biwow 42 
cestasdénye ad evoteteds tom bfsoo Ali bas “qu betd" ef ANG ald to 
giatiesooen ton bilvow AMA dd tw wainews asgi¢ns to yioedd A si aoqu 
itesoxq) ybodktus theqmt binow di dguortts ,ateoituye AMA heessoeb 
,ebasnhinys 

ao.ttus ydewatw ooyt eit to Yroait so beaoqotq eed CSL ei 


noidenidmoo atdt tedt amtsfo SH . AVM ciibr enidiioosos. botsiuteog 2 


m EE 


"might inhibit rather than stimulate proliferation and differentiation," 

Of the remaining theories of tolerance, Burnet and Lederberg's 
postulation which we alluded to earlier, namely that tolerance to 
an antigen is created by the elimination of the clone which is 
competent to make antibody to the antigen is the most popular. 

Such a mechanism in its unrefined form would be in disagreement with 
a requirement for persistent antigen, but as we pointed out earlier, 
Lederberg 104 postulates constant mutation of stem cells in the adult 
animal, some of which, by chance, may make antibody to the antigen. 
Therefore, excess antigen would be necessary to destroy these cells 
as they appeared. Smith and Bridges)?! calculated that the amount 
of antigen necessary to maintain tolerance was 1010 molecules, but 
as we noted earlier the entire question of the necessity of antigen 
is still unanswered. 

It has been shown that whole body radiation (6o0r) 22265 is 
capable of breaking down tolerance. Several hypotheses are set 
forth by Nossal” as possible explanations of this data: 1) That 
certain cells are immunized when antigen is given and the rest are 
rendered tolerant, and that perhaos the immunized cells are more 
radio-resistant, thus giving them an advantage in posteradiation 
proliferation. 2) That radiation induces regeneration of cells or 
sub-cellular entities originally destroyed by the antigen. 3) That 
radiation induces mutation which allows emergence of new clones 
(which is the explanation Burnet and Lederberg favor), and ) We 
would add as a possibility, although we do not favor it, that perhaps 


the radiation breaks up a code molecule which has coded the fact that 
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the animal is tolerant, possibly nucleic acids or protein (nucleic 
acids being especially sensitive to radiation). We would add, 
lastly, what we believe to be the most reasonable explanation,viz. 
5) that radiation destroys celis, thereby making available nucleic 
acid precursors which somehow break tolerance, as will be discussed 
later. This would be in agreement with the fact that nucleic acid 


Uh 


precursors enhance antibody formation as does radiation at the 
proper time , L66 presumably by the same mechanism (although other 
mechanisms have been postulated). Radiation can, as is well known 
inhibit the immune response, and as we have noted, help in the 
induction of tolerance. 

With respect to radiation induced tolerance, we would like 


to point out Smith's?@ 


postulation that the interference of 
radiation with antibody synthesis is probably brought about, "through 
disruption of active DNA synthesis," since the incorporation of p3e 
inte DNA ceases in heavily irradiated animals and antibody synthesis 
in immune animals which has been inhibited by radiation can be 
restored by partially depolymerized nucleic acids (but not by purines, 
pyrimidines, nucleosides, or nucleotides }) as demonstrated by 
Taliaferro and Jaroslow. +67 

In support of our interpretation of the mechanism of how 
radiation breaks down tolerance is the work of Feldman et a lhe 
who made rats tolerant to human serum albumen (HSA) both by using 
X-irradiation and 6 MP. They then were able to reactivate the 
immune response in all of these by injection of either spleen 


nuclei or nuclei treated with nucleases. It was also noted that 


the spleens of the treated animals incorporated 3.2 times more 
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thymidine eighty hours after radiation than spleens of irradiated 
animals that had not received nuclei. These data, as the authors 
point out, can hardly be reconciled with the concept of Lederberg!04 
that reactivation of the non-functional immune response is brought 
about by a random mutational process, They point out that it seems 
unlikely that administration of DNA or its degradation products 
could leads to a surge of mutations. They conclude, therefore, that 
drug and radiation induced tolerance is not secondary to "killing 
off" cells but is a result of intracellular damage "possibly at the 
level of information....for the production of specific antibody." 
Whether the intracellular lesion is destruction or elimination of 
a structure, or merely blocking of a function by antigen is debatable, 
and as we have noted earlier, the former might not require persistence 
of antigen for maintainance of tolerance while the latter certainly 
would. 

One can speculate that it is possible for radiation to impair 
Some permeability barriers, thereby enabling antibody in smaller 
quantities to gain access to places where DNA-histone-antigen 
complexes may be formed. It would follow then that tolerance could 
be overcome by large quantities of nucleic acid degradation products 
which by virtue of their increased concentration would be able to 
competitively displace antigen from the DNA where its presence 
was preventing synthesis of new DNA (on the DNA) and new RNA (on the 
DNA), as: we proposed earlier. 

There hss been much speculation by others also as to which 


intracellular sites might be affected in tolerance, and it has been 
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postulated by Ha¥ek et all2h that antigen can attack one of two sites, 
one leading to antibody formation, the other to inhibition. Others 
postulate that a high concentration of antigen in the cytoplasm 
around the nucleus leads to inhibition or destruction of some sub- 
cellular apparatus (as described in Hasek's paperl2h) | but we can, 

at present, say nothing certain as regards the intracellular activity 
of the antigen. Nevertheless, in ovr opinion, it seems far less 
reasonable to ascribe a specific function to the cytoplasm around 

the nucleus than to assume that inhibition occurs by some blockage 

of the cenventional DNA-RNA-protein pathway of antibody synthesis 
(e.g. DNA-histone-antigen complexes), and as noted earlier, there is 
some evidence for nda tare: the increased amount of antigen in the 
nuclei of tolerant celis??3s161) , 

The results of Feldmanté which we have noted earlier, are 
not only in agreement with our theory but also are consistent with 
our data. In addition, they represent the only measurement of 
immunocyte nucleic acid metabolism curing the tolerant state except 
for our own study, and they note that thymidine incoporation into 
DNA was greatly depressed in tolerant cells. 

If indeed, however, we are to adhere to a chemical theory of 
tolerance, it seems curious that the thymus appears to be necessary 
for breakdown of the unresponsive state. It has been reportedl68=170 
to be necessary for recovery of the immune response after whole 
body irradiation and, as has been shown by Clamen and Talmadge}?1 
thymectomy in an adult tolerant to a specific antigen prevented 


reappearance of reactivity with respect to that antigen. Perhaps, then 
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there is a thymic factor which must "de-repress" cells which have been 
made tolerant (e.g. by helping to break up DNA-histone-complexes, if 
such exist). 

The remaining theories of tolerance (besides the various aspects 
of antigen retention, cellular elimination, and elimination or blocking of 
sub-cellular mechanisms, which we have already discussed) include the 
analogy with enzyme induction in bacteria, namely that an antigen in 
large quantity may induce enzymes which destroy it so fast that 
antibody cannot be formed, or in an animal tolerant from birth, 
catabolic enzymes may be retained, Such a theory is unlikely when 
one considers that persistence of antigen in tolerant animals is 
longer than in immune animals. 

Lastly, the theory that "immunologically incompetant lymphocytes" 
are produced and result in tolerance has been put forth without any 
experimental support by Gorman and Chandler172 They postulate that 
these proliferate in response to the antigen and thus compete with 
the immunologically competent cells. The evidence against such a 
theory is overwhelming. First, while antibody synthesis can be 
explained by the presence of a few competent cells, tolerance requires 
every competent cell inthe body to be unresponsive to the antigen. 

It would then be necessary for the proliferation of these cells to 
compete successfully with every scattered cell capable of making 
antibody to this antigen. Furthermore, our data and that of Feldman 


et 21 Lue 


argue strongly for a decrease in cellular metabolism and 
proliferation, not an increase, as this theory requires. 


Having reviewed the theories of immunological tolerance, 
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we will now go on to our own data which, we believe, supports the 
hypothesis that tolerance results not in increased cellular pro-= 
liferation, but in a marked decrease in RNA synthesis as previously 


noted, perhaps dve to antigen complexing with DNA. 


VII, The Experiments - Background 

The study of immunological tolerance in order to gain further 
insight into the mechanism of the immune response and immunological 
memory may be considered to be analogous to the classical approach of 
extirpation of an organ or inhibition of an enzyme in order to learn 
something about its mechanism of action. To learn which changes 
occur during a state of non-function is to know what processes are 
essential for normal functioning, and it is in this sense that 
immunological paralysis provides a useful tool for the study of 
the immune response and immunological memory. 

The tolerance induced by antigen administration with agents 
which non-specifically block the inmune response such as radiationl@! 
and sntinnetapolites, - like the unresponsiveness induced by perinatal 
administration of antigen ne protein-overloading paralysis, is 
specific and lasts long after the characteristic effects of the 
treatment have worn off. Something, therefore, remains in an 
altered state as a result of the previous treatment and it seems 
natural to direct our first inquiry to the nucleic acids. 

It is known, for example, that there is an increase in RNA 
synthesis during the immune response, both during the primary and 
173-175 


during the secondary. We might wonder as to the necessity 


of the increased synthesis during the secondary response since 
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radiation 7,75 and radio=mimetic drugs affect it much less 
than they do the primary, as we have noted earlier, and as we 

would expect if, indeed, the fact that the animal was exposed to the 
antigen was "coded" at the time of the primary. The increase at 

the time of the secondary response may be explained on the basis of 
cellular proliferation. 

Cottier et a1t75 interestingly point out that the increase 
in RNA synthesis in the movse spleen during the seccndary response 
reaches its peak on the second day after stimulation while the rate 
of DNA synthesis in mouse spleen after anamnestic stimulation reaches 
its peak four days later, on the sixth day. Presumably, then, the 
RNA responds first anc the DNA increase follows, both probably 
reflecting cellular proliferation. 

With these changes in RNA synthesis during the immune response 
in mind, we thought it might prove informative to investigate the 
changes in rate of RNA synthesis at various times after injection of 
a paralytic dose of antigen and also to investigate whether this 
change was any more profound if a second paralytic dose was admin- 
ietebed to an already unresponsive animal Since, unlike the immune 
response, tolerance does not lend itself to the measurement of 
antibody titers to demonstrate a secondary response. (If there 
is no antibody detectible after paralysis, the level cannot go 
any lower after a second paralyzing injection!) We might note 
in this connection that Cinacer and Bubertt?6 found that animals in 


which partial paralysis (i.e. low but detectible antibody levels) 
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had been induced had, after a second dose of antigen, even lower 
titers of antibody (presumably not due merely to precipitation by 
the second dose of antigen). 

Dressert4° had found that the minimum intraperitoneal dose 
of bovine gamma=globulin (BGG) in saline necessary for inducing complete 
paralysis in mice is between 50 and 200 micrograms, This is approx= 
imately 10° molecules (compare with Smith and Bridges 1157 estimate of 
191° molecules for maintenance of tolerance}. Deitrich and Weigle , 155 
noted that five of five mice were rendered fully tolerant after 
intraperitoneal (IP) injections of 10, 1, 0.5, or 0.1 mg. of 
human gamma=globulin (HGG), smaller amounts resulting in immune 
responses. They noted that this paralysis was specific, as has 
been observed before. 

Dresser found that giving mice emg. of BGG intraperitoneally 
would induce paralysis such that if BGG was administered subcutaneously 
with Freund's adjuvant, no immune response would occur to it. This 
effect (i.e. unresponsiveness) does not occur until three to five 
days after the administration of the paralyzing dose. Thus, many 
animals challenged three days after administration of the paralyzing 
dose will react with the formation of antibody, but at five days, 
four out of five were found to be unresponsive, and five of five 
at twelve days. 

In our experiments, we examined the rate of RNA synthesis 
in the spleens of paralyzed animals as reflected by the uptake 


of dey viding, one of the four bases found in RNA. We em- 
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ployed large doses of BGG in saline without adjuvant in addition 
to radiation in order to induce tolerance. The radiation was 


p>") an the form 


delivered by means of radioactive phosphorous ( 
of inorganic phosphate, as will be detailed under "Materials and 
Methods." In another experiment, we investigated paralysis 


induced by po@ 


irradiation, soluble antigen in large quantities, 
and radio-mimetic drugs. The addition of radio-mimetic drugs 
seemed to add little to the effects already produced by the ir- 
radiation and the large doses of antigen. 

We would like to point out that while pe has been usec in 
the treatment of polycythemia vera because of its predilection for 


marrow and bones, it has never been used before in the induction 


of tolerance. 


VIII, Materials and Methods 

White faves CFW strain mice weighing 19-23 grams (carworth 
Farms, New City, New York) were used for all experiments, Bovine 
gamma=globulin (BGG Armour and Company, Lot C~90l;) was dissolved 
in normal saline (Abbot Laboratories) to give a concentration of 
h mg. per milliliter, Solutions of B=azaguanine (Lederle Labora- 
tories Division, American Cyanamic Co., Pearl River, N. Y.) 
Q.6 mg. per milliliter, and 5-Bromouracil (5 BU, Cal Biochem) 
6.5 mg. per milliliter in physiologic (0.89 Normal) saline were 
prepared, 

The mice were divided initially into four groups of 2] animals, numbered 


one to four. On the first day of the experiment, all animals 
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eeeeivek 60 microcuries of pie given as inorganic phosphate (Oak 
Ridge National Laboratory, Oak Ridge, Tenn.) in 0.5 ml. of saline 
intraperitoneally. (This is about twenty times the therapeutic 

Gose on a mC per kg. basis as is used in humans to treat polycythemia 


177,178) 


vera rubra. On this same day, one hour later, each animal 
in groups2 = received 2 mg. BGG in 0.5 ml. of saline, those in 
group 3 receiving in addition 0.5 ml. (0.3 mg.) of the 8-azaguanine 
solution, and those in group }} receiving 0.5 ml. (3.25 mg.) of the 
Sebromouracil solution, Groups 3 and ) had received their respective 
anti-metabolites for two days preceding the administration of antigen 
and received the above dosage intraperitoneally every other day 
until the twentieth day after which these drugs were discontinued 
So that they would not interfere with incorporation of tritiated 
cytidine (H’-cytidine). 
Two more milligrams of BGG were administered to mice in groups 
2-~ lh on the second day for a total of milligrams of soluble BGG 
in saline, given intraperitoneally in a period of we Gays. As 
noted, all of these animals had also received a radiating dose of p22, 
The pe was given primarily not as a tracer but to enhance the 
tolerance producing effects of a dose of antigen which in itself 
should be sufficient to produce paralysis for a finite period of time 40 
While it would have been possible to examine nucleic acid metabolism 
using pee as a tracer, such examination was more carefully made by 


us ing H-cy tidine which is a superior tracer for this purpose, both 


because it is more specific and because there are almost no half- 
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life errors involved, the half life of 3 being 12,5 years, while 
that of P2* is 11.3 days. 

Twenty-six days after the administration of p32 and BGG to 
groups 2 - (and only p?? to group 1) all animals were given 0.25 ml. 
IP of a 2.5 mg./ml. solution of thephorin to prevent anaphy lexis™ 
when antigen was subsequently administered. Three animals were then 
randomly selected from each group (1 - 4) to serve as controls for 
the balance of the experiment, The remainder of the animals (includ- 
ing those in group 1 which had received no antigen the first time) 
were given 2 mg. of BGG in 0.5 ml. of saline, also IP one-half hour 
following the thephorin. 

The animals were sacrificed (two from each group) at 8+ hours, 
1 day, 2 days, 3 days, days, 7 days, 8 days, 9 days, and 10 days 
after the administration of antigen. The three animals which had 
been selected from each group to serve as controls received no 
antigen; it was therefore immaterial on which day they were sacrificed. 
To improve the quality of the control, however, four mice, i.e. one 
mouse from each of the four sub-groups, were sacrificed at the same 
time as those who were killed 1,7, and 9 days after the administra- 
tion of antigen. As expected, however, since these animals received 
no antigen, the time of sacrifice did not affect any parameter which 
we studied. 

Each mouse was given an intraperitoneal injection of 50 micro- 


curies of Hey tidine (0.85 Curies per millimole, Schwarz Bioresearch 
*“ No clear-cut cases of anaphylaxis were seen, although lL. of the 72 
experimental animals died shortly after injection of antigen, one 


of which was due to aortic trauma and hemoperitoneum; the cause 
of death in the others was undetermined. 
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Inc., Mt. Vernon, N. ¥.) in 0.5 ml. of normal saline four hours prior 
to sacrifice. The animals were killed with ether anesthesia, and as 
much blood as possible was removed by cardiac puncture. The spleens 


4 


were removed and dried at 0° C in a vacuum line at 107+ mm of mercury 
overnight. Spleens were used because it has been stated that although 
only 1% (approximately) of the antigen finds its way to the spleen, 
about 90% of the antibody has been shown in some studiesl?9 to come 
from that organ. The spleens were then weighed, homogenized with a 
Ten Broeck homogenizer in 0.3 N perchloric acid (0.125 ml. per mg. 
dry weight) and their RNA extracted according to the method of 
Schmidt anc haninaiear 

Al ml. aliquot of the perchloric acid homogenate (equivalent 
to 8 mg. of dried tissue) was used for analysis. It was centrifuged 
at 0° C and then washed with 1 ml. of 0.3 M perchloric acid. It was 
then centrifuged again, washed again with perchloric acid, and then 
washed with 2 ml. of 96% ethanol followed by 2 ml. of a 3:1 96% 
ethanol-ether mixture. It was then washed with 2 al. of a. 131 
methanol-ether mixture, and lastly, with 2 ml. of diethyl ether. 
After centrifuging and discarding the supernatant, the pellet was 
hydrolyzed in 1 ml. of 1 N potassium hydroxide at 25° C for 24 hours 
after which the solution was neutralized with 0.2 ml. of 6 N per- 
chloric acid. The resulting mixture was centrifuged, leaving the 
hydrolyzed RNA in the supernatant. 

The RNA hydrolysate was then counted for Ho by placing Oel ml. 


of the hydrolysate into a standard scintillation mixture for aqueous 
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solutions consisting of 12 ml. of 0.3% PBD (Pilot Chemical Company) 
in xylene (Merck and Company) and 3 ml. of absolute ethanol to aid 
miscibility of the aqueous hydrolysate and the hydrophobic xylene. 
A Triscarb scintillation counter was used. All samples were counted 
for twenty minutes or 10° counts. lfficiency, using a standard, was 
found to be 22.4% (which is rather high for an aqueous system). 
Total RNA was then determined by taking another 0.1 ml., 
diluting to 3.1 ml. with triple distilled water, and reading 
optical density at 2600A (260 mp) in a Cary spectrophotometer. A 
Cary was used rather than a Beckman in order to observe the entire 
spectrum in this range so that we might be assured of the purity. 
An example of a typical plot may be seen in Fig. 3 in the Appendix. 
From the raw parameters obtained viz. weight, H-cytidine 
incorporated per mg. of tissue, and RNA per mg., several other 
interesting parameters can be calculated. For example, total H3— 
cytidine incorporated per spleen, total RNA (in moles) per spleen, - ’ 
and H-cy tidine incorporated per mole of RNA. The calculations 
involved in obtaining the amount of RNA from the 0.D. (optical 
density) readings are presented in the appendix. 
The blood removed at sacrifice was centrifuged and the 


serum was subsequently used for antibody determinations. 


IX. Critique of Experiments 
Dresser t4° centrifuged his BGG at 20,000 to 30,000 ¢ to 
remove particulate matter, noting that failure to do so might lead 


to sporadic immune responses. We did not centrifuge our BGG because 
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at the time of performing the experiments, Dresser's paper had not 
yet been published. In order to be maximally efficient in the 
production of tolerance, however, the BGG should be centrifuged as 
noted above, despite the fact that we and others 157,155,127 have 
obtained satisfactory resulis without doing so. 

In addition, a second control group, one which had received 
neither antigen nor irradiation would ada to the completeness of our 
data, although admittedly, what we are most interested in is the 
difference between animals paralyzed by antigen and animals not 
So paralyzed. That radiation alone is not responsible for the 
changes observed is confirmed by the fact that our control animals 
were also irradiated (see Fig. 2) and also supported by the fact 
that the changes were observed thirty-six days after the administration 
of the p32 | the biological half-life of which is only ten to eleven 
days. (Biological half-life is a measure of both radioactive decay 


and excretions) 


X. Results 
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It was found that the incorporation of H°-cytidine into spleen 
RNA, and hence the rate of RNA synthesis after a paralyzing cose of 
antigen is strongly dependent upon the time elapsed after the administra- 
tion of the soluble eroteins It was also noted that the effects on 

RNA synthesis of a paralyzing dose of BGG were the same whether or 

not the animal had received a similar dose previously, and whether 

or not 5-bromouracil or 8-azaguanine had been given with and after 


the antigen. Our doses of both were, however, somewhat low and since 


the half-life in the body of the former is rather short, the two day 
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interval between doses may have resulted in ineffective blood levels. 
As noted before, the anti-metabolites had been discontinued one week 
prior to administration of the BCC. 

In brief, the results obtained in groups 1, 2, 3, and 4 were 
all similar, in contrast to those of the control animals which re- 
ceived no antigen. Table 1 summarizes the changes in Hcy tidine 
incorporation into spleen RNA which occur at various times after 
administration of 2 mg. of BGG to mice which had received 60 micro- 
curies of P?¢ twenty-seven cays earlier. The data from groups 1 = 
have been averaged and compared with those from controls. The data 
from the individual animals may be found in the Appendix, Table 6, 

As noted, Table 1 presents the dpm (disintegrations per minute) 
of H3~cy tidine ver dry weight of spleen, but Since the spleen weights 
varied, Table 2 presents the mean values for the total dpm of 1. 
cytidine per spleen of experimental animals vs controls. Again, 
the data from individual animals can be found in the Appendix, 

Table 7. All data are giver in the form of disintegrations per 
minute (dpm) rather than counts per minute (cpm) as they have been 
corrected for background and counting efficiency. 

It is evident from both Table 1 and Table 2 that the H3- 
cytidine incorporation into RNA and hence the rate of RNA synthesis 
is almost unaffected by a paralyzing dose of antigen until eight days 
have elapsed after the administration of antigen, at which time RNA 
synthesis almost ceases. (See Fig. 2) 

Due to the large variations between animals we cannot say if 
the original increase of incorporation of H=cy tidine peaking around 


the second day, which we see in these tables, is real or merely an 
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artifact. Similarly, we are wary of offering an interpretation of the 
slight decrease in tritiated cytidine incorporation between the second 
and seventh days, as this too may or may not be an artifact. 

The marked decrease in H=cy tidine incorporation between the 
seventh and eighth days, however, and the even more marked crop 
between the eighth and ninth day greatly exceed the limits of bio- 
logical variation and signify a great decrease in the rate of synthesis 
of RNA. There is what appears to be a change in the direction of 
recovery on the tenth day, but again, one cannot be sure. Unfortunately, 
the animals were not followed beyond ten days after antigen administra- 
tion. 

It is interesting to note that despite the marked decrease in 
RNA synthesis, the measured RNA per mg. and RNA per spleen remain 


almost unchanged, as determined by 0O.D. (Tables 3 and h) 


2€0mp° 
Since the RNA per mg. remains relatively constant in all animals 
while the He =cytidine incorporation per mg. decreases steadily in 
animals sacrificed from the first to the ninth day, the H-cy tidine 
incorporation per mole of RNA (Table 5) follows the same general 
pattern as the toe tidine incorporation per mg. (Tables 1 - 5 
are Summary tables, and detailed tables which include data for each 
individual animal will be found in the Appendix, i.e. Tables 6 - 11) 
The sera collected at sacrifice were analyzed for antibody by 
complement fixation and all were negative for antibody at 1:20 dilu- 


tions. 


XI.Discussion and Conclusions 


The changes in the rate of synthesis of splenic RNA are 
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interesting with regard both to their magnitude and to the latent 
period between administration of antigen and the time at which they 
are observed. As might be expected, despite the great alterations in 
rate of RNA synthesis, the total amount of RNA per mg. varies little, 
since our method of analysis treats all RNA together including ribo- 
somal RNA which, compared to mRNA, is present. in considerably larger 
quantity and is much more stable. 

As noted earlier, DressertO showed that in his animals un- 
responsiveness was only truly established between three and five days 
after antigen administration. If the unresponsiveness in the case of 
Dresser's animals was due to decreased RNA synthesis, as we found, 
one must ask how can the result become manifest before the cause, viz. 
the response is evident at three to five days, and the decreased 
synthesis is seen only at eight to nine days. To this question 
we a6 not have an answer except for the possible difference between 
strains, which seems unlikely, but if we were to speculate from our 
results and thos of Liacopolos et a11h3 perhaps there are two types 
of paralysis - a specific type and a non-specific type. The specific 
type would not require a generalized decrease in RNA synthesis, while 
such a large decrease in RNA synthesis could explain generalized, 
non-specific unresponsiveness. We might note, too, that Liacopolos 
et al found the non-specific unresponsiveness to commence approxi- 
mately ten days after the first paralyzing antigen dose, roughly 
the same time after antigen administration that we noticed the 
decrease in RNA synthesis. Let us recall, however, that his 


animals were guinea pigs and ours were mice. 
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We pointed out earlier that if sufficient DNA were incapacitated 
by complexing with antigen, this could possibly account for decreased 
RNA synthesis, but we are still at a loss to even postulate an ex- 
planation for the long lag period of about ten days. Perhaps the 
reaction of antigen complexing with DNA, if it occurs at all, is a 
very slow one, a small amount of intracellular antigen first complexing 
with that DNA which has the greatest affinity for it (thereby causing 
specific tolerance) and more antigen subsequently complexing with 
other DNA (thereby resulting in non-specificity). That the earliest 
establishment of any paralysis takes three to five days, as shown by 
Dresserlu0 would support our postulation of the slowness of what- 
ever reaction occurs. Since the paralysis again becomes specific, 
as claimed by Liacopolos et a1 1s3 perhaps a decrease of available 
antigen due to catabolism, etc. results in the break up first of 
the complexes which have the least stability, i.e. in the reverse 
order of their formation. We must re-emphasize, however, that these 
are only speculations - admittedly, speculations which fit the 
presently available data well - but we must realize that we might 
be building a house of cards. 

In a preliminary confirmatory study, we repeated our ex- 
periments, administering 2 mg. of soluble BGG IP to the same strains 
of mice, but without prior P** irradiation. (Table ll in the Ap- 
pendix) These animals did not show the changes in H~cy tidine 
incorporation which were so manifest in our earlier study. 
Unfortunately, we did not do antibody titer determinations on these 
animals, and since it is known that radiation prior to the antigenic 


stimulation greatly enhances unresponsiveness, perhaps these animals 
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were not rendered completely tolerant. Further studies in irradisted 
animals are therefore indicated, 

Since our data on the non-irradiated animals is less complete, 

(fewer parameters were studied, fewer animals were used, and the con- 
ditions were less auspicious for the production of tolerance), we shall 
confine our remarks for the present to the larger group with which we 
have been dealing. 

Qur work, showing the decrease in the rate of RNA synthesis in 
the spleens of immunologically paralyzed animals (mice) serves almost 
as a companion experiment to the work of Feldman et 91 1h6 which showed 
that nucleic acid administration can end a period of tolerance, To 
repeat our earlier speculation, we believe that tolerance is not a 
positive phenomenon, but a competitive blockage of mucleic acid synthesis 
by the antigen obstructing access to the DNA, within cells, This block 
can be overcome, however, as can any competitive inhibition by excess 
reagent, i.e. by adding nucleotides and small polymers of nucleotides, 
(much as the inhibition of prothrombin and factor VII synthesis by 
dicumarol can be overcome by large doses of vitamin K),. As proposed, 
this may act by displacing the antigen from the surface of the DNA. 

This would imply, then, that tolerance is due to a metabolic 
disturbance and not due to cellular elimination (as proposed by 


92,99,100~102, 10h, 117). 


Burnet and Lederberg or to increased production 


of "immunologically incompetent lymphocytes" as proposed by Gorman 
and Chandier,t!? 

The profound changes in the rate of RNA synthesis would, in 
sum, certainly support the hypothesis that RNA is one of the sub-~ 


stances involved when the body becomes unresponsive to an antigen, 


even if its role is, as postulated, only passive. Whether RNA is 
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the final engram in which this information is coded is still un- 
cetermined, but since we noted no increase, but rather a decrease 
in RNA synthesis, it seems unlikely. It is, however, still possible 
that some old RNA might become rearranged without any net synthesis 
to code the unresponsiveness, in spite of our findings. Nevertheless, 
this also seems unlikely since if old RNA were to dissociate, we would 
expect our labelled precurser to mix with the pool of cellular cytidine, 
some of which should therefore be incorporated as a reflection of any 
increase in RNA metabolism, even without net synthesis. 

In summary, one more tiny piece has been added to the great 
puzzle of immunological tolerance, but the final picture still awaits 


many more and larger pieces. 
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TABLE. -6 


Wacy tidine Incorporation in dpm per mg. Dry Weight of Spleen 
Time after 
antigen Animal 

Ty i II, II5 III, III5 IV} IV5 

8.5 hours 15,162 6,718 16,36) 9,995 18,252 17,343 13,968 
1 day 23,309 17,894 13,975 30,575 21,302 30,563 14,665 27,695 
2 days hO,283 12,9h1 29,806 29,665 2,9) 19,011 27,526 
3 days 20,071 27,856 12,153 17,655 9,768 25,418 11,357 18,254 
days 17,025 21,896 17,545 16,159 15,521 1,036 13,890 13,897 
7 days 9,958 9,360 18,066 6,803 10,314 17,000 11,755 9,375 
8 days 1,722 1,797 1,963 ana 1,661 1,907 3,670 2,160 
9 days 321 379 500 317 325 130 
10 days 183 450 1436 587 366 510 380 
CONTROIS: I. es pile Iv 
1 day 14,766 22,532 21,105 
7 days 15,08) 45,530 23,820 1,089 
9 days 13,695 2h, 565 9,125 
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Total Wecytidine Incorporated in dpm per Whole Spleen 


328,257 
600 y 207 


556,970 
82,658 
286,989 
57,180 
14,525 
4,538 


i 


504,111 
362,016 


295,812 


165,93 837,018 
391,878 309,057 
613,913 332,583 
956,85 427h,728 
626, 4k 502,664 
275,652 
45,553 

9,770 


394,019 
42,401 
14,075 


12,870 11,23 


II 
ThE, 936 
135, 98h 


83,697 
7335227 
30h, 372 
523,228 
191, 368 
39,685 
16,516 
13,09 


eae 


217,891 49,911 
471,839 696,836 
528,037 1,730,6)3 
290 5109 2,029, 627 


435,364 20,56h 
299,622 4h6,930 
47,255 51,107 
13,159 
17,941 15,121 
Til 
620,511 
934,453 


397 421 
643,522 
382,162 
397,948 
365,463 
70, 46h 

6,323 

8,987 


IV 
635,260 

38,69 
106,762 


(ec EG ee SSE 0 ee 0 eee 


542,948 
564,978 
695,031 
90,081 
311,988 
467,719 
é1, 88h 
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TABLE 8 
; ; 7% 
RNA per mg. Dry Weight in Moles x 10 


Time after 


antigen Animal 

Ty I, II, II, III, Iii, IV, IV5 
8.5 hours 1.2816 1.202 1.4536 162945 154665 1el79, 1.5912 
1 day 1.3160 1.5396 LelIh9 16966 1.5525 1.1999 1.2859 1.6256 
2 days 1.7246 14580 1.67547 1465998 LelhlO 2.61373 1.66h4 


3 days 1.0838 2.2363 1.8923 1.2386 1.1182 1.5224 1.5697 
days 104278 1.64923 1.63891 1.2386 1.4665 1.5181 1.4063 1.1526 
7 days 1.2902 1.4149 1.2828 1.0279 1.2257 1.3246 1.020 1.5568 
8 days 1.3031 1.2816 1.6256 1.221) 1.0752 1.1569 1.3461 1.1999 
9 days 1.326 1.221) 1.1483 1.4665 1.2601 1.1956 
10 days 0.8042 1.3246 1.2859 1.4966 1.1956 1.2128 1.1956 


CONTROLS: I II 35 IV 

1 day 1.2343 1.092) | 1.3762 
7 days 1.4192 1.4536 1.3676 
9 days 1.3332 : 162987 1.1397 


* these figures are to be multiplied by 107! to obtain moles RNA/mg. dry weight 


Method for Obtaining RNA values from D> €Omn 


OD = log I/I, = cv where ¢= the concentration of solute in moles per liter 
‘A= the length of the light path in centimeters 
€= the molar extinction coefficient 


Cin M/L™ OD/5 


‘ In our case, Nad 
Cin M/ml. * 10-3 od/g 
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Since we diluted 0.1 ml. to 3.1 ml., the actual concentration, CC otual = 31 Cheasured 
Hence, 
Cactual = 107? x 31 x OD/g 

This 0.1 ml came from a total of 1.2 ml. of Solution which, it will be recalled 
represented 8 mg. of dry tissue. Thus, 0.15 ml. would represent 1 mg. dry weight. 
We must therefore multiply our concentration in moles per ml. by 0.15 to obtain 
moles per mg. 


Therefore, 
Moles per mg= 3.1 x lom? x 0.15 x OD/g 


181,182 
Depending on the source, ” the values of eo at pH 7 (which we 
An 
neutralized our samples to) are given as between 10,000 and 10,816, We assumed 


the latter value. Thus, our formula becomes: 


RNA in Moles/mg. dry weight = ).30 x 10"! OD 260mp 
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LAS Ge 9 


Total RNA per Spleen in Moles x 10/* 


Time after 
antigen Animal 

1, I, II, iI, III, III, Iv; IV, 
8.5 hours 27.74 29.74 7.35 28.22 36014 51677 61.73 
1 day 33089 33072 31.29 0.86 25459 27 «36 3.85 33016 
2 days 26.28 37 oht7 43017 28048 6.10 72.35 2.03 
3 days © 30.08 38.41 198.48 21.35 33.21 129.55 52.82 
days ho.u8 = =—y2. 69 39.80 = “0012S SS 0213 029s 25 BB 
7 days 37018 1.67 26eb5 28.91 43.59 77.67 35.61 34.82 
8 days 43.52 32.19 35.11 33.41 30.59 31.00 25.85 3h). 38 
9 days 59.9) 31.49 32.32 76.0 51.02 58.15 


10 days 19.9) 37688 33069 3342 58.61 35296 28.28 


CONTROLS: — I _ Dit sel IV 

1 day 2 o1h 36.21 1.2 
7 days 34.06 37 687 48.5) 
9 days 28.80 49 lO 13.33 


* i.e. these values must be multiplied by 107! to obtain moles of RNA/whole spleen 
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Time after 


antigen _ 


8.5 hours 
1 day 

2 days 

3 days 

h days 

7 days 

8 cays 

9 days 


10 days 


CONTROLS 2 
1 day 
7 days 


9 days 


TABLE 10 


cytidine Incorporation in dpm per 107! Moles of RNA 
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11, 830 


17,712 


18,519 
11,92) 
7,718 
LoL 
2h2 
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55578 
11,622 
23,358 
12,456 
14,673 

6,615 

1,102 

310 
3L0 


Animal 
II, II5 
ee LY, 
9,877 20,30 
8,876 16,986 
E,422 14,253 
12,630 13,046 
14,896 6,618 
1,208 1,188 
435 216 
339 392 
it 
20 , 626 
10,91) 


of 6G ve" 


III, 


75721 
13,721 
18,543 

8,735 
10,58) 

8,415 

1,545 

258 
306 


rm g 


16, 387 
18,915 


tir. 


12,45 
25,471 
37 5538 
16,696 
682 
12,83), 
1,648 
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11,40h 
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TABLE 11 
H? Cytidine Incorporation into RNA and DNA after 2 mg. BGG IP without prior P24 


Days after Antigen 


Control 
qin 1 Day 6 Daye 8 Days 9 Days 10 Days 11 Days 15 Days No Antigen 
AL 
RNA HB 8,990 14,255 5,439 637 8,606 12,930 9,238 10,01) 
‘Gpm/mg dry wt. 

‘Total RNA H3 228,796 308,427 138,966 14,854 231,501 530,480 381,066 327,958 
dpm/whole spleen 
DNA #3 954 1,02 435 283 710 2,707 =£1,618 850 
Opm/mg dry wt. 
Total DNA H3 24,279 29,12) 11,11) €,600 19,099 107,062 66,742 27,832 
dpm/whole spleen 
RNA H3/DNA H3 9.42 13.68 12.50 2.25 12.12 478 5671 ~=—-11678 
40 
RNA HB h,575 =10,29 8,529 Eres 5,396 8,028 10,710 
ldpm/mg dry wt. 
Total RNA H3 110,715 253,232 231,562 192,817 229,953 230,403 357,704 
pm/whole spleen 
DNA H3 402-3, 0h2 461 821 910 648 806 
Gpm/mg dry wt. 
Total DNA #2 9,728 74,833 12,516 28,283 38,993 18,598 26,920 
Qpm/whole spleen 
BNA H3/DNA HP? 11.38 3.38 18,50 6,82 5.90 12.39 13.28 
RNA 3 6,907 7,450 4,268 13,610 5,120 7,537 6,388 «6, 888 
pm/mg dry wt. 
fotal RNA H3 139,180 183,270 108,83) 270,158 196,608 21,938 312,054 250,379 
pm/whole spleen 
TNA 43 656 = 1,213 412 «1,601 478 767 559 856 
dpm/mg dry wt. 
lotal DNA H3 13,210 29,840 10,506 31,779 18,355 2,621 27,307 31,116 
ipm/whole spleen 
(NA H3/DNA H3 10.52 6.1) 10,36 8.50 10.71 9.82 11.42 8.05 


Continued on next page 
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Table 11 Continued 


Control 
nimal 1 Day 6 Days 8 Days 9 Days 10 Days 11 Days 15 Days No Antigen 
L 
NA #3 1,299 8,78, 5,067 11,078 11,76 8,559 
pm/mg dry wt. 
otal RNA H3 318, 868 262,202 119,125 350,065 589,062 02,701 
pm/whole spleen 
NA HO 852 559 603 792 373 692 
pm/mg dry wt. 
otal DNA H3 19,000 16,686 14,177 25,027 18,706 32,559 
pm/whole spleen 
NA H3/DNA H2 16.78 1571 8.40 13.99 31.49 12.37 
> 
NA H3 10,573 
om/mg dry wt. 
tal RNA H2 267 , 497 
om/whole spleen 
iA HB 892 
m/mg dry wt. 
ybal DNA H3 22,567 
m/whole spleen 
1A H3/DNA H3 11.85 
van RNA HO 

I animals 8,693 10,666 6,755 6,438 7,600 10,057 7,885 9,349 
om/mg » 

‘an DNA H? 

1 Animals 716 =—-:1, 766 67 829 698 1,189 941 819 
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